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Several recent reports indicate that cholesterol might play an important role in human immunodeficiency
virus type 1 (HIV-1) replication. We investigated the effects of HIV-1 infection on cholesterol biosynthesis and
uptake using microarrays. HIV-1 increased gene expression of cholesterol genes in both transformed T-cell
lines and primary CD4� T cells. Consistent with our microarray data, 14C-labeled mevalonate and acetate
incorporation was increased in HIV-1-infected cells. Our data also demonstrate that changes in cholesterol
biosynthesis and uptake are only observed in the presence of functional Nef, suggesting that increased
cholesterol synthesis may contribute to Nef-mediated enhancement of virion infectivity and viral replication.

Several studies have highlighted the importance of choles-
terol and lipid rafts in the human immunodeficiency virus type
1 (HIV-1) life cycle (1, 10, 13–15). Rafts are proposed to act as
platforms for viral entry, facilitating interactions between CD4,
coreceptors, and incoming virions (2, 12). Although this role
has been questioned recently (16, 17), there is mounting evi-
dence that rafts are important for HIV-1 assembly and bud-
ding. HIV-1 Gag and Env viral structural components are
concentrated in rafts, facilitating assembly (4, 6, 8, 11, 14, 15,
19). It has also been suggested that Nef increases synthesis and
transport of cholesterol to rafts and progeny virions (23). It is
therefore reasonable to hypothesize that HIV-1 may have
evolved the capacity to up-regulate intracellular cholesterol.
We have addressed this hypothesis here, using gene expression
profiling and metabolic labeling of HIV-1-infected cells.

We infected CCRF-CEM, CEMss, Jurkat clone E6-1, and
SupT1 cells with HIV-1LAI at a multiplicity of infection of 2
and confirmed infection levels by flow cytometry as described
(22). Infection levels were �82% (mean, 96% � 6%) with
median fluorescence intensity increased 17- to 148-fold (mean,
55-fold � 45-fold) in HIV-1-infected cells compared to mock-
infected cells (Fig. 1A). Total RNA extraction, probe labeling,
microarray processing, and data analysis were performed es-
sentially as described (22). Complete microarray data sets are
available at http://expression.microslu.washington.edu.

Expression of seven cholesterol enzymes (IDI1, FDPS,
SQLE, LSS, CYP51, HSD17B7, and DHCR24), the low-den-
sity lipoprotein receptor (LDLR), and one cholesterol regula-
tor (INSIG1) was increased in infected cells (Fig. 1A). No

significant increase was observed in mRNA levels for three
other genes involved in cholesterol biosynthesis (PMVK,
SCAP, and INSIG2). Expression changes were observed 24 h
postinfection, but not at the earlier time points tested (1, 4, 8,
and 12 h postinfection; data not shown). Treatment of cells
with heat-inactivated HIV-1 (2 h at 56°C) did not result in
regulation of the cholesterol genes (Fig. 1A, first row), sug-
gesting that intact virus particles are required. Regulations
were observed in all cell lines, suggesting that induction of
cholesterol biosynthesis and uptake might be a general conse-
quence of HIV-1 infection.

The cholesterol biosynthesis pathway consists of more than
20 enzymes (Table 1), whose expression is regulated by the
sterol-responsive element binding factor 2 (SREBF-2) (9). The
rate-limiting step in this pathway is the conversion of 3-hy-
droxy-3-methylglutaryl coenzyme A into mevalonate by 3-hy-
droxy-3-methylglutaryl coenzyme A reductase (HMGCR). Ac-
tivation of SREBF-2 also increases expression of LDLR,
resulting in increased uptake of extracellular LDL.

To determine whether other SREBF-2-regulated genes are
also regulated by HIV-1 infection at 24 h, we used a commer-
cial microarray platform representing �15,000 unique human
genes (Agilent Technologies, Palo Alto, CA). HIV-1 infection
levels were �85% (mean, 94% � 5%) with median fluores-
cence intensity increased 17- to 59-fold (mean, 47-fold � 20-
fold) in HIV-1-infected cells compared to mock-infected cells
(Fig. 1B). Results for SCAP, INSIG1, IDI1, FDPS, SQLE, and
DHCR24 were confirmed. INSIG2, PMVK, CYP51,
HSD17B7, and LDLR were not tested in these experiments.
However, expression of 10 additional sterol enzymes
(HMGCS1, HMGCR, MVK, MVD, FDFT1, SC4MOL,
NSDHL, EBP, SC5DL, and DHCR7) was increased by HIV-1
infection, including the enzyme that is responsible for the rate-
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FIG. 1. HIV-1 infection alters transcripts involved in cholesterol biosynthesis and uptake. Changes in expression of SREBF-2-regulated
transcripts were determined using microarrays (A and B) or real-time reverse transcription-PCR (C and D). (A and B) Expression of SREBF-
2-regulated transcripts was determined using in-house microarrays representing �4,500 unique human genes (A), or commercial microarrays
representing �15,000 unique human genes (B). Gene groupings are indicated in the bar at the top of each panel for sterol biosynthesis regulators
(black box), enzymes (white box) and the LDL receptor (grey box). Shown in color code below these bars are fold changes in mRNA levels in 24-h
HIV-1LAI-infected CD4� T-cell lines compared with mock-infected cells. Numbers 1 to 4 in the experiment name denote biological replicates,
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limiting step in sterol biosynthesis, HMGCR (Fig. 1B). Expo-
sure of cells to aldrithiol-2-treated noninfectious HIV-1 (18)
did not change the expression of this gene set (Fig. 1B, first
row), suggesting that productive infection is required. No ex-
pression changes in SREBF-2-regulated genes were detected
in response to influenza A virus, interferon, or heat shock,
providing additional evidence that SREBF-2 induction is spe-
cific to HIV-1 infection (data not shown).

To confirm HIV-1-induced gene expression changes, we
used Taqman primer-probe sets (Applied Biosystems, Foster
City, CA). In each case the mRNA levels for LDLR, HMGCR,
and HMGCS1 were higher in HIV-1-infected SupT1 and
CCRF-CEM cells than in mock-infected cells, providing inde-

pendent validation of our microarray results (Fig. 1C, left
panel). Increased expression of LSS, FDPS, and IDI1 in HIV-
1-infected CEMss cells had previously been confirmed using
semiquantitative reverse transcription-PCR (22). In addition,
increased LDLR expression in HIV-1-infected CEM and
SupT1 cells were confirmed by fluorescence-activated cell sort-
ing (data not shown). Moreover, expression of SREBF-2, the
transcription factor regulation regulating the cholesterol bio-
synthesis pathway, was also up-regulated in HIV-1-infected
cells (Fig. 1C, right panel).

Finally, we also verified induction of LDLR, HMGCR,
HMGCS1, and SREBF-2 by HIV-1 in primary CD4� T cells.
CD4� T cells were purified from peripheral blood mononu-

TABLE 1. SREBF-2 and SREBF-2-regulated genes

Product Gene name HUGO
LocusLink

identification
no.

EC no. RefSeqb HIV
induced

Sterol-responsive element binding factor 2 SREBF2 6721 NM_004599 Yes
SREBP cleavage activating protein SCAP 22937 NM_012235 No
Insulin-induced gene 1 INSIG1 3638 NM_005542 Yes
Insulin-induced gene 2 INSIG2 51141 NM_016133 No

Acetyl-CoA Acetyl-CoA acetyltransferase-2 ACAT2 39 2.3.1.9 NM_005891 No
Acetoacetyl-CoA synthetase AACS 65985 6.2.1.16 NM_023928 NTa

Acetoacetyl-CoA HMG-CoA synthase 1 (soluble) HMGCS1 3157 2.3.3.10 NM_002130 Yes
HMG-CoA synthase 2 (mitochondrial) HMGCS2 3158 4.1.3.5 NM_005518 No
HMG-CoA reductase HMGCR 3156 1.1.1.34 NM_000859 Yes

Mevalonate Mevalonate kinase MVK 4598 2.7.1.36 NM_000431 Yes
Phosphomevalonate kinase PMVK 10654 2.7.4.2 NM_006556 No
Mevalonate pyrophosphate decarboxylase MVD 4597 4.1.1.33 NM_002461 Yes
Isopentenyl diphosphate delta isomerase IDI1 3422 5.3.3.2 NM_004508 Yes
Farnesyl diphosphate synthetase FDPS 2224 2.5.1.1. NM_002004 Yes
Squalene synthase FDFT1 2222 2.5.1.21 NM_004462 Yes

Squalene Squalene epoxidase SQLE 6713 1.14.99.7 NM_003129 Yes
Lanosterol cyclase LSS 4047 5.4.99.7 NM_002340 Yes

Lanosterol Lanosterol 14 alpha demethylase CYP51A1 1595 1.14.14.1 NM_000786 Yes
Sterol C4 methyl oxidase SC4MOL 6307 NM_006745 Yes
NAD(P)H steroid dehydrogenase-like NSDHL 50814 NM_015922 Yes
17-Beta hydroxysteroid dehydrogenase 7 HSD17B7 51478 1.1.1.62 NM_016371 Yes
Emopamil binding protein (sterol isomerase) EBP 10682 5.3.3.5 NM_006579 Yes
Sterol C5 desaturase (lathosterol oxidase) SC5DL 6309 1.3.3.2 NM_006918 Yes
7-Dehydrocholesterol reductase DHCR7 1717 1.3.1.21 NM_001360 Yes
Desmosterol reductase DCE 1631 NT

Cholesterol Low-density lipoprotein receptor LDLR 3949 NM_000527 Yes

a NT, not tested.
b RefSeq, reference sequence identifier.

while letters a and b denote technical replicates. Ratios of change in mRNA levels in infected cells versus controls are depicted as green
(down-regulated) or red (up-regulated) boxes. Left panels show all ratios, and the right panel shows box colors only for those ratios with P values
of �0.01. The tables on the right of the panels depict the percentage of p24gag-expressing cells in controls (column A) and infected cells (column
B) and the fold increase in median fluorescence intensity (MFI) for each of the conditions being compared in the corresponding microarray
experiment. Heat-inactivated (HI-HIV) and chemically inactivated HIV-1 (AT2-HIV) were compared to both mock and infectious HIV-1 in
separate experiments. (C and D) Expression of SREBF-2 and 3 SREBF-2-regulated transcripts in HIV-1-infected CD4� T-cell lines (C) and
primary CD4� T cells (D) as determined by real-time reverse transcription-PCR (N � 2 to 5). Results were normalized by subtracting �-actin cycle
threshold (Ct) values measured in the same samples from the experimental gene Ct values, resulting in normalized 	 Ct values for each mock or
infected sample. Differences between corresponding mock and infected samples were expressed as 		 Ct, subtracting 	 Ct (infected) from 	 Ct
(mock). As each Ct difference corresponds to a twofold change in mRNA levels, this was translated to the fold changes depicted in the graph using
2		Ct. Each sample was tested in triplicate (mean and standard deviation are depicted). P values: �, �0.05; ��, �0.01; ���, �0.001.
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clear cells by negative selection (StemCell Technologies, Van-
couver, Canada) to �96% purity. Purified cells were stimu-
lated with phytohemagglutinin (Murex HA16, Remel Inc.,
Lenexa, KS) for 3 days before infection with HIV-1 at a mul-
tiplicity of infection of 2. Results for two representative donors
(of four to five donors tested) are shown in Fig. 1D. In each
case expression of LDLR, HMGCR, HMGCS1, and SREBF-2
was higher in HIV-1-infected cells than in mock-infected cells,
indicating that the regulation is not merely observed in trans-
formed T-cell lines, but also in primary cells.

To assess changes in cholesterol production occurring as a
result of HIV-1 infection, we labeled cells infected at a multi-
plicity of infection of 2 as above for 6 h with 14C-labeled
mevalonate (Perkin-Elmer Life Sciences) (5, 7). Cells were
washed with phosphate-buffered saline, resuspended in H2O,
and extracted with chloroform/methanol (2:1 vol/vol) and pe-
troleum ether. Samples were then spotted onto silica gel 60
thin-layer chromatography plates and chromatographed in tol-
uene/diethylether (9:1 vol/vol). Labeled products were visual-
ized using a STORM phosphorimager.

As expected, key biosynthetic intermediates downstream
from mevalonate (squalene, lanosterol, and cholesterol) and
several minor intermediate products were detected. Consistent
with the microarray results, the rate of 14C-labeled mevalonate
incorporation in downstream intermediates was increased 2.5-
fold in infected CCRF-CEM cells and 7.4-fold in infected
SupT1 cells (Fig. 2A). Because the rate-limiting step of cho-
lesterol biosynthesis is not assessed using 14C-labeled meval-
onate, we also labeled HIV-1-infected cells for 2 h with 14C-

labeled acetate. Cells were washed with phosphate-buffered
saline and extracted with hexane:isopropanol (3:1 vol/vol) and
chloroform/methanol (2:1 vol/vol). Samples were spotted on
thin-layer chromatography plates and run in hexane/glacial
acetic acid/diethylether (90:1:25 vol/vol). Similar to 14C-la-
beled mevalonate labeling, 2.4-fold increased cholesterol pro-
duction was measured in infected CCRF-CEM cells using 14C-
labeled acetate (Fig. 2B). Therefore, increased expression
levels of cholesterol enzymes observed in HIV-1-infected cells
indeed resulted in increased cholesterol production.

It has been suggested that Nef might increase synthesis and
transport of cholesterol to rafts and progeny virions to increase
viral infectivity (23), although this role of Nef was not con-
firmed in acutely infected T cells (21). To further investigate
the effect of Nef on cholesterol biosynthesis, we determined
gene expression profiles of Jurkat cells expressing HIV-1 nef-
intact or nef-defective reading frames, using HIV-1 internal
ribosome entry site (IRES)-enhanced green fluorescent pro-
tein (eGFP) replication-competent reporter viruses as de-
scribed (20). Transduction efficiency was confirmed by fluores-
cence-activated cell sorting and was similar for both Nef
constructs (% GFP-expressing cells: nef-intact, 78.1 � 1.4; nef-
defective, 81.7 � 4.2).

Most genes affected by HIV-1LAI infection of Jurkat cells
are also regulated by HIV-1NL4-3 infection of these cells, but
only in the presence of a functional Nef (Fig. 3A). This was
confirmed by real-time reverse transcription-PCR for LDLR,
HMGCR and SREBF-2 in two additional time course exper-
iments (Fig. 3B). In addition, increased expression of LDLR in

FIG. 2. HIV-1 infection increases 14C-labeled mevalonate and acetate incorporation. Cells were mock or HIV-1LAI infected for 24 h before
addition of 14C-labeled mevalonate (A) or 14C-labeled acetate (B). After 6 or 2 h, respectively, cells were harvested, and lipids were extracted and
separated using thin-layer chromatography. (A) Mevalonate results are representative of three separate experiments using CCRF-CEM, CEMss,
Jurkat, or SupT1 cells. Numbers above the image denote signal intensity. Note that CYP51 mRNA expression was not detected in SupT1 cells and
as a result no 14C-labeled cholesterol was produced. (B) Signal intensities for acetate labeling of mock-infected (open bars) or HIV-1-infected
(solid bars) CEM cells are plotted in the graph below the image. The mean and standard deviation for the triplicate experiments are shown.
Individual products were identified by comparison of the observed Rf factor with those of known sterols. ORI, origin; CHO, cholesterol; LAN,
lanosterol; SQA, squalene; MG, monoglycerides; UC, free cholesterol; FFA, free fatty acids; TG, triglycerides; CE, cholesterol esters. P values:
��, �0.01; ���, �0.001.
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the presence of functional Nef was confirmed by fluorescence-
activated cell sorting (data not shown). This indicates that Nef
indeed up-regulates SREBF-2 and SREBF-2-dependent cho-
lesterol biosynthesis and uptake in transformed cell lines.
These findings extend the observations by Zheng and col-
leagues (23), who reported induction of the CYP51 promoter
by Nef. In addition, we find that Nef causes up-regulation of
SREBF-2 and almost all SREBF-2-regulated genes, including
the enzyme responsible for the rate-limiting step, HMGCR,
and LDLR. This suggests that the increased infectivity of virus
carrying wild-type Nef may be the result of this induction. It
will be important to evaluate this function of Nef in primary
cells and to further understand the mechanism through which
regulation occurs.

In summary, our results demonstrate that nef-intact HIV-1
infection induces a complex set of genes to increase cellular
cholesterol levels. Consistent with an important role of choles-
terol in the HIV-1 life cycle in vivo, it was recently reported
that treatment of six HIV-1-infected patients with lovastatin
induced a clear reduction in serum viral RNA loads that re-
bounded after discontinuation (3). Thus, cholesterol-lowering

drugs might complement existing therapies to inhibit HIV-1
transmission and replication.
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